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FOREWORD

This report was prepared by C. J. Feldmanis of the Environmental
Control Branch, Vehicle Equipment Division, Air Force Flight Dynamics
Laboratory, Wright-Patterson Air Force Rise, Ohio. The study was con-

ducted under Project 6146, "Environmental Control Systems for Military
Adrcraft.”

The report describes the program conducted during the period from
June 1975 to April 1976. It contains the results of experimental and
analytical work on electronic equipment air- and liquid-cooled cold
plates, and cold plates provided with heat pipes.
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ABSTRACT

Because of the thermal and packaging requirements of latest avi-
onics equipment, cold plates are becoming the most predominant cooling
devices. The primary advantages of their application are ease of repair
and part replacement; removal of highly concentrated heat loads; a heat
conduction path which can be tailored to fit the particular thermal
requirement:; and, in the case of air cooling, critical electronic com-
ponents can be protected from moisture, dust, and other contaminants
which may be contained in the cooling air.

Regardless of how cold plates have been used in avionics equipment
cooling, little information can be found in the open literature abhout
their capabilities and thermal performance characteristics. To overcome
this deficiency and provide guidance in the application of cold plates
to electronic equipment cooling, information obtatned from contractual
and in-house studies has been collected and is presented in this re.
port. The informsrtion covers liquid-cooled cold Plates, air-cooled cold
plates, and cold plates with heat pipes.

Experimental liquid-cooled cold plates of three different designs
have been fabricated and tested, and correlation between analytical and
experimental data made. It has been shown that accurate thermal per-
formance prediction canr be achieved, particularly with computer-aided
snalysis, {f proper thermal resistance valyes are provided. Mighly
concentrated heat loads can be removed by liquid-cooled cold plates, and
their thermal perforaance accurately predicted,

The air-coocled cold pPlates tested can be divided into two general
categories: (1) cold Plates with plain airflow channels (without finned
or extended surfaces) and (2) cold plates with compact heat exchanger
cores. Fach of the two categories represented threeo different aspect
ratios and was tested with three or four different zanifold configura-
tions. The test resuits revealed that standard textbuok equations,
developed for fully-establighed velocity and temperature Frofiles,
cannhot be used ip predicting heat-transfer coefficients of actual cold
plates, Particulariy large differences between analytically and expert-
montally determined heat-transfer coefficients can be observed with the
cold plates having flow channels without extended surfaces. leat-trans-
fer coefficients computed from the standard textbook equations were
significantly lower than those obtained from actual experimental data.
The differences were particularly large at the lower Reynolds numbers,
Heat-transfer coefficients of cold Plates equipped with standard heat
exchanger cores, for which heat transfer data were available, could be
accurately predicted,

The test results further revealed that both geometry of the afr-
flow channel and manifold configuration had effects upon heat transfer
and flow distribution of the cold plates. The effects, however, were
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ABSTRACT (CONCLUDED)

more significant for the cold plates without extended surfaces, particu-
larly for the ones of larger hydraulic diameters. Neither the heat-
transfer coefficients nor flow distribution were significantly affected

by the manifold configurations of the cold plates equipped with compact
heat exchanger cores.

Close temperature control of cold plates can be achieved by the use
of variabla-conductance heat pipes. Thermal cycling caused by heat load
changes or heat-sink temperature changes can be significantly reduced by
the application of heat-pipe technology. Uniform temperature mounting
surfaces, often a requirement in microelectronic circuit design, can be
conveniently provided by using heat pipes. However, high dynamic
forces, experienced in advanced aircraft, will impose .imitations on the
application of heat pipes to avionics equipment cooling.

Although the data presented in this report will nct provide ane
swers to all problems and conditions occurring ir cold-plate design,
parameters affecting heat transfer and flow distribution have been
identified and their effetts upon the thermal performance of cold plates
determined. Electronic equipment standardization, presently under
consideration, should lead to standardization of cooling devices and
systems. This condition will simplify design of the thermal control
system and provide the cooling required for equipment reliability and
improved performance characteristics.
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SECTION |
INTRODUCTION

Advanced aircraft rely more and more on avionics; consequently,
performance of the aircraft is becoming closely related to that of the
electronic equipment, The electronic systems are growing in complexity
and compactness, particularly with the cdevelopment of semiconductor
devices and resulting microcircuit applications. Although microminia-
turized circuitry dissipates less total power, the power density (watts
per unit volume) is frequently much higher than that of conventional
circuitry. Heat fluxes at the comporent and package level have in-
creased by an order of magnitude, causing difficulties in removing the
waste heat, It is known from experience that operating temperature is a
major factor in electronics reliability, and failure rates are related
to temperature. Operation of devices and circuitry at elevated tem-
peratures usually requires derating (operation at less than design
capacity) to satisfy reliability goals.

In addition to stresses induced by high temperatures, stresses are
aAlso caused by thermal cycling. Because of thermal cycling, failure
rate increases of approximately an order of magnitude have been re-
ported. Furthermore, most transistor circuite in present use require
temperature stabilizing circuits in order to permit operation over a
desired temperature range. Also, memory units require a relatively nar-
row temperature range for proper performance.

There are threa basic thermal conditions to consider to improve
component reliability: (1) temperature level, (2) thermal cycling, and
(3) temperature uniformity. Heat removal and thermal control, there-
fore, are the result of careful design of the entire thermal control
system and the establishment of low temperature gradients between the
heat sink and the temperature sensitive parts and circuitry. Selection
of the proper cooling technique to satisfy all the thermal requirements
is difficult, and consideration should be given to many particular
conditions.

In electronic equipment cooling, generally all of the three basic
heat transfer modes (i.e., conduction, convection and radiation) are
taking part in heat dissipation. The relative importance of each mode
depends upon the thermal requirements of the equipment; the available
heat sinks; and other considerations like weight, volume, and cost.
Natural convection and radiation modes of heat transfer are used in the
cooling of low-power-density equipment. For electronic equipment of
high packaging densities and heat dissipation rates, forced convection
or evaporative cooling techniques must be considered. Forced convection
cocling can be divided into direct and indirect cooling techniques.
While in the direct cooling systems the electronic components and/or
circuitry are directly exposed to the cooling fluid, in the indirect
cooling systems the coolant does hot come in direct contact with the
equipment.



o

Indirect cooling, considered under this effort, has the following
advantages over immersion or direct fluid cooling: (1) easier accessi-
bility for maintenance, (2) smaller amcunt of coolant {l1iquid) within
the system, (3) less sealing problems, (4) simpler and lighter cooling
system, and (5) the ability to use coolants with better thermal proper-
ties. This cooling technigue is known as the "cold plate” principle.

In this cooling technique, the electronic equipment is mounted to cold
plates through which the coolant is circulated. Lepending on the heat
loads and thermal requirements, liquids or gases can be used as the heat
transport fluids.

Altiough culd plates have been used in electronic equipment thermal
control, very limited information can be found in the open literature
about capabilities and thermal performance characteristics of such
plates. This effort, therefore, will be mainly oriented towards col~-
lection and presentation of available data, including some analytical
and experimental work in areas where information was not available.
Included will be performance characteristics of liquid-cooled cold
plates, air-cooled cold plates, and cold plates provided with heat
pipes. In order to establish confidence in the analytical procedures
and discover deficiencies, the analytically predicted thermal perfor-
mance of the cold platea will be compared with actual test data.

The cold plates shown in this report are generally of experi-
mental nature, and might not present the best possible design features
and performance characteristics. They present, however, the general
thermal capabilities of the different cold plates tested, and allow
determination of parameters affecting heat transfer and flow distri-
bution. The extensive experimental work also provided information about
problem areas which need further exploration and development work.
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SECTION 1

THERMAL REQUIREMENTS OF
ELECTRONIC EQUIPMENT

“ffective heat transfer and removal is essential to the achievement
of long life, high reliability and performance of electronic equipment.
Operating temperature is a major factor in electronic equipment relia-
bility, and failure rates are commonly related to the junction temper-~
ature. Although ele~tronic equipment reliability is affected by other
environments, field experience indicates that a significant number of
failures arise from temperature effects. To ainimize the failure rate
and achieve successful operation of electronic equipment, low, stable
temperatures are required.

It is recognized that thermal design is as important as circuit de-
sign because temperature effects can determine the life of electronic
parts and circuitry. MNeat degrades bulk characteristics and has a de-
generative runaway effect on junction characteristics. To prutect
against this, current limiting fuses, temperature compensating cir-
cuitry, temperature sensitive bypass diodes, etc. are necessary for
proper equipment operation and reliability. Temperature effects can be
generally outlined as follows: (1) chemical changes which cause cor-
rosion and diffusion; (2) physical changes, including changes in cal-
ibration, insulation damage, and weakening of leads and bonds; and
(3) electrical changes which cause drift of component characteristics,
electrical noise, and spontaneous switching of logic circuits. There is
a maximum temperature at which the ability to tune the circuit becomes
extremely difficult because of thermal noise and rapidly changing device
characteristics. Furthermore, the trend toward faster logic circuitry
requires closer spacing of components to reduce the delay in signal
transmission. Besides electrical problems, closely-spaced components
cause serious thermal problems. Thus, the closer spacing of components
means that more power must be dissipated per unit area. It can gener-
ally be stated that circuit temperature sensitivity is increased with
circuit complexity.

Semiconductors include such components as transistors, diodes, in-
tegrated circuits, rectifiers, etc. All of these components are tem-
perature limited, depending on the type of electrical junction con-
struction and the basic semiconductor material forming the device. Most
semiconductors are made of germanium or silicon material. Haximum
junction temperatures for germanium devices are quoted as nigh as 110°c,
and for silicon devices 200°C. The actual operating temperatures,
however, because of circuit performance requirements and reliability
specifications, dictate much lower junction temperatures. In many
instances a 125°C junction or silicon chip temperature is set as a
typical conservative upper limit for reliable operation of present-day
microelectronics. This limit is also enforced for equipmen: to be
installed in aircraft pPresently under development. Silicon junction
temperatures in space flight and computer equipment are often specified
in the range from 70°C to 80°C. Reference 1 points out that silicon
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devices operated at 300°C will age 10,000 times faster than the same
devices at 125°C. The effect of a 200°C temperature, compared to one at
125°C, is aging at a rate 170 times faster.

In addition to the stresses induced by high temperatures, addi-
tional stresses are caused by thermal cycling. Studies performed by the
Navy (NADC) reveal that temperature cycling has significant effect upon
the reliability of electronic equipment. References 2 and 3 indicate
that temperature-cycled part life may be six to seven times less than
similar parts operated under constant temperature conditions. Cracked
insulator cases and open circuits between the devices and leads are
cosmon failure modes caused by thermal cycling or shock. MHermetic
secals, particularly the soft-solder type, are affected by high surface
temperatures and temperature cycling. A successful cooling system for
electronic components, therefore, not only facilitates operation at some
reduced temperature, but must also moderate thermal cycling resulting
from variations in power dissipation and/or heat-sink temperature
changes.

Another important thermal requirement is temperature uniformity,
Uniform cooling is important in circuits that have components in paral-
lel as differences in temperature can cause unequal power loading of the
components. Uniform cooling is also important in circuits where dis-
tortion of signal or calibration changes may be caused by differences in
temperature. Uniform cooling has become increasingly important as
electronic speeds have increased. Packaging density must be signifi-
cantly increased for very hirh-speed logic circuitry, It is important
to the circuit designer that the entire cold plate or circuit ivard is
at a uniform temperature because component layout bas22 nn tue-mal
considerations can be eliminated.

keference 4 points out that thermal design of microelectronics mus\
satisfy the following two general requirements: (1) provisions must be
made to limit temperature variations within an electronic syctem to
certain maximum and minimum, and (2) temperature variations from point-
to-point within a system must be kept to a minimum. These requirements
must be satisfied for optimum performance and reliability of the elec-
tronic systew.

The most temperature-sensitive types of military avionic equipment
are computation, communication, multimode radar antennas, electronic
countermeasures receivers, and navigation equipment. The design point
of the cooling system for this equipment {s generally specified as 100°C
maximum for extended normal operation.

In summary, there are three basic thermal conditions to consider to
insure electronic equipment reliability and performance: (1) tempera-
ture level, (2) temperature cycling, and (3) temperature uniformity. In
designing a thurmal control system for avionics equipment, all of these
requirements must be satisfied as closely as possible.




SECTION 111
ELECTRONIC EQUIPMFENT MOUNTING

Semiconductor devices are widely used in present-day avion.c sys-
tems. Many of the high-power devices are designed for stud or flange
mounting and are provided with a flat surface to insure good thermal
contact with the heat sink. A good conduction path between heat-pro-~
ducing components and the heat-sink surface is essential for efficient
heat removal. A thin air Gap or film can cause large temperature dif-
ferentials between the electronic component and the heat sink. The
mating surfaces should be machined flat; protected with noncorrosive
film finishes; and for best heat transfer results, application of sil-
icone greases to eliminate the air gap is highly recommended.

Some transistors are fabricated with their case electrically con-
nected to one of the transistor elements. Such transistors require
insulating washers, and the thermal resistance from the case to the heat
sink includes also the insulation thermal resistance, which may be quite
significant. There may be other thermal interfaces in the heat-transfer
path, such as between circuit-card thermal-mounting plates and the card
slots or between modular assemblies, and the cold plates to which they
are bolted,

Parameters that control the thermal resistance across metal sur-
faces include flatness; surface finish; hardness, as well as thermal
conductivity of the mating surfaces; and the interstitial fluid and
pressure between the mating curfaces. It is recomme.yded that to agsure
low interface thermal resistance, mating surfaces shculd be flat to
within 0.001 inch, and surfaces should be finished to a tolerance of 63
microinches or less. Al}l paint and other impurities should be removed
completely by a treatment with #000 fine steel wool and silicone oil.
If the interface is not properly prepared, the thermal resistance may
become excessive and make the heat transfer capability of a good heat
sink worthless. Thermal resistance from the mounting surface of the
device to the ultimate heat sink must be tailored to satisfy the maximum
allowable temperature requirements,

The heat conduction away from a heat-producing electronic device is
enhanced by using large conductor cross sections, obtaining good joint
contact (by having very smooth surfaces under high pressure exerted by
the fasteners), and using minimum thickness of electrical insulators.

It should be pointed out that black surfaces enhance radiative heat
transfer.

Integrated circuits may be cooled by conduction as well as by
Convection heat transfer to ensure low temperatures. The simplest
method of achieving conductive cooling is to bond integrated circuits tc
& conductive layer which is connected to a heat sink.




Either electrically conductive (soft solder or conductive cements)
or non-conductive (plastics or ceramic cements) bonding materials may be
used, depending upon whether isolation is required. The component
siiape, bonding technique, bond strength, and removal requirements, as
well as thermal conductivity, all enter into the choice of bonding
agent.

Reference 5 points out that the bond should be as thin as possible
and cover the entire bonding surface of the component. Wwhen a thick
bond is required for electrical insulation, appropriate size glass beads
may be included in the adhesive to support the component at the proper
distance during bonding. When additional insulation is required, a
ceramic spacer may be bonded between the component and heat sink. The
thermal resistance of the bond will depend on the bond thickness, joint
surface area, and thermal conductivity of the bonding material. Table 1
(Ref 5) presents typical thermal resistance values for bonded joints.
Table 2 (Ref 5) presents thermal conductivity of typical electrical
insulation materials.

Reference 6 points out that some electronic parts are specified in
terms of external surface temperatures at given locations, and the
internal thermal resistances from these surfaces to the most temperature
sensitive internal elements are given. Other electronic parts are, in
general, rated individually for certain performance at specified ambient
temperatures. The ambient temperature for a part is the tempcrature of
the surrounding medium in which the part must operate. Ambient temper-
atures, however, do not have much meaning with densely-packed electronic
systems. The maximum safe temperatures must be calculated, based on the
part stress analysis, and must be consistent with the required equipment
reliability and the failure rate assigned to each part.

The internal thermal resistance of a solid-state device is ex-
pressed in degrees Centigrade ver watt (or also per milliwatt). 1In
accordance with Reference 7, the lowest internal thermal resistance is
about 0.5°C/watt. Low-power transistors, however, have internal resis-
tances between forty and two thousand times larger, i.e., 20°C/watt to
100C°C/watt (or 1°C/mw). It can be seen that regardless of the low
power dissipation rates, case temperatures of the devices must be kept
iow, The thermal resistance from the case by radiation and natural
convection is usually very high, and the primary mode of heat transfer
in cooling semiconductor devices is metallic conduction. Reference 7
also indicates that a power transistor which could dissipate 70 watts
when mounted on an infinite heat sink at 25°C had a maximum power
dissipation of approximately 2 watts when mounted in free air. Under
the same conditions, the smaller, lower-power devices had convection-
radiation thermal resistances ranging up to 500L°C/watt.

Electronic equipment manufacturers furnish mounting hardware for
the several types of cases and publish the effective thermal interface
resistance between the case and the heat sink, usually for stated torque
or contact pressure. The contact resistance varies with the surface



Table 1. Typical Thermal Resistance of Bonded Joints (Ref 1)
TYPICAL
BOND THERMAL BOND THERMAL
MATERIAL CONDUCTIVITY THICKNESS RESISTANCE
(watt/°C in) (inch) (“c/watt in?)
foft Solder 1.6 0.005 0.003
Epoxy Resin 0.005 0.005 i
Aluminum Oxide
Filled Epoxy Resin 0.025 0.005 0.2
Aerobic Contact
Cement 0.005 0.001 0.2
S
Table 2. Thermal Conductivity of Electrical Insulation Materials
(Ref 1)
INSULATION THERMAL
MATERIAL CONDUCTIVITY
(watt/°C in)
BeO Beryllium 4.0
A].zo! Aluminum 0.65
Mica 0.0013
Fiberglass Epoxy
Laminate 0.1
7
e - N = o B U
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flatness and the torque appsled to tighten the bolts. These variations
can be greatly reduced by applying silicone compounds to the mating
surfaces. These compounds are grease-like silicone material filled with
heat-conductive metal oxide.

If the electronic component must be electrically isolated from the
heat sink, insulating washers made of Teflon, anodized aluminum, mica,
and beryllium oxide must he used. The choice of washer material depends
on fragility, ease of assembly, cost, and manufacturing methods. Flexi-
ble materials such as Teflon and mica partly compensate for surface
imperfections. However, the heat-sink surface should always be reason-
ably flat and smooth. Beryliium oxide is brittle and anodized aluminum
i3 hard so that very flat mounting surfaces are required for these
materials. Table 3 of Reference 5 presents case-to-sink thermal re-
sistances for typical semiconductor cases.

ELECTRONIC COMPONENT

HEAT SINK

///}/;_——:/,7/ Rp-s

RESISTANCE
NETWORK

Figure 1. Component Mounting on Heat Sink

Consider an ordinary air-cooled heat sink with a power dissipating
device mounted on it as shown on Figure 1. Heat generated by the device
flows mainly to the base of the device. From the base it flows across
the mounting joint into the heat sink, then to the surrounding air. The
totai thermal resistance, Rt' can be e.pressed as follows:

-a j-c c-s8 s-a (1)
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where R = thermal resistance from junction to mounting base

R = thermal resistance from couponent mounting base to
heat sink (interface thermal resistance)

R = therwal resistance between the heat sink and the
ambient air.

Actually, the heat sink will also have a certain resistance to heat flow
and will cause a temperature drop. However, because of the large cross-
sectional area and high thermal conductance of the material, this resis-
tance is usually neglected. When the thermal resistances are known, or
they may be measured, the junction temperature can be determined from
the following expression:

R s i Bl -

where P is the electric power dissipation in watts.

If the basz temperature of the device is known, the junction temperature
can be dotermined as follows:

t. =t + PR (3)

For determining the heat transfer rate and temperature gradients
within a cooling device, two general conditions of the heat generating
component must be distinguished: (1) continuous wave and (2) pulsed
operation. In continuous wave operation, a steady-state huat trensfer
analysis can be used on the component. In pulsed operation, the junc-
tion temperature of the component varies with time. The average junce
tion temperature is proportional to the duty cycle, while the maximum
and minimum junction temperatures are a function of both the duty cycle
and pulse length. The pulse width, 1, is interrelated by the expression

T & o (4)
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where d is the duty cycle and PKF is the pulse repetition frequency.
The duty cycle multiplied by the peak module output yields the average
power output of the module. Figure 2 shows pulsed operation of an
electronic component.
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Figure 2. Junction Temperature Rise vs Time as a Function of
Pulse Width and Duty Cycle
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SECTION IV

HEAT REMOVAL CONCEPTS AND HEAT TRANSFER
FROM ELECTRONIC DEVICES

In all electronic equipment cooling, the three basic modes of heat
transfer (conduction, convection, and radiation) take part in the dis-
sipation of waste heat. The relative importance of each mode depends
upon the thermal requirements of the equipment, available heat sinks,
and the specific heat-removal concept employed. The predominant modes
of heat transfer in ordinary (planetary) environment are conduction and
convection. Under space conditions, the predominant modes are con-
duction and radiation. This report considers electronic equipment
operation in planetary environment and the primary modes o/ heat trans-
fer considered are conduction and convection.

Components come in a wide variety of sizes and shapes and different
mounting provisions. The high power density components are usually de-
signed for bolting to the heat sinks. It is of importance in thermal
design to provide a low thermal-resistance heat-flow path from the hcat
dissipating part to the ultimate heat sink. The internal! thermal resis-
tance of the part (junction to case) is set by the manufacturer and can-
not be changed. Providing the propcr heat-flow path from the mounting
surface of the component to the ultimate heat sink i{s the responsibility
of the thermal designer. A mounting joint between the component (s) and
the cold plate will always exist. When the component must be electri-
cally isolated from the plate, this joint will usually provide the lar-
gest thermal resistance in the heat-flow path. At the joint between two
surfaces, there is a variable thermal resistance which depends on the
contact pressure, the contact area, the material, and the surface finish
and flatness. More Jetailed discussions about joint thermal resistances
follow. When components are mounted on circuit cards, a thermal inter-
face occurs between the cards and the card slots.

Forced convection (liquid or gas) cooling systems can be basically
classified as either direct or indirect. In a direct system, the cool-
ant is in direct contact with the electronic components, Heat is trans-
ferred directly from the heat-producing parts to the ccolant. Forced
convection in this case is the primary mode of heat transfer trom the
part. In the indirect system, the coolant does not come in direct
contact with the electronic components. Hrat is removed from the elec-
tronic components by conduction to the plate or chassis and from there
by convection to the circulating coolant. For electronic systems having
low or medium heat-dissipation rates, air cooling, because of its avail-
ability, provides simple, cheap, and effective cooling. Both direct and
indirect air cooling have been extensively used. However, since air
often contains large amounts of moisture and dust, there is a tendency
and sometimes the requirement to employ indirect air cooling by the
application of cold plates or chassis.

12
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Eeference 8 gives the following guidance in selecting an elec~
tronic-equipment cooling method: (1) when the power dissipation density
is less than 0,25 watts/in’, and with ambjent pressure of one atmosphere
and temperature of 25°C, natural cooling (free convection, conduction,
and radiation) can be used; (2) for power densities between 0.25 and
2 watt;/in’, forced air cooling should be used; and (3) {f the power
density is over 2 watts/in?, indirect cooling should be used with me-
tallic conduction paths from the heat sources to the liquid coolant,

Individual sold-state devices have such small areas that natural
convaction and radiation from them are relatively ineffective. To pro-
vide sufficient cooling, these devices must be provided w.th extended
surfaces of high thermal conductance. Thermal conductance must be
considered as the simplest means of heat distribution that can be of-
fectively applied to cooling of solid-state devices. High-power devices
in general have large, flat-mounting surfaces with provisions for at-
tachment to a heat sink.

To accomplish effective thermal design of any electronic device or
part, information about its allowable maximum temperature, heat dissipa~
tion rate, and internal and external thermal resistances must be known.
For standard semiconductors, the overall junction-to-case thermal resis-
tance, Rj-c, is given by the manufacturer. The resistance, however,
might be given directly or it can be calculated from basic rating data

R o (5'

For example, if tymax = 200°C at q = O watts

and at to = 25°C, q = 100 watts;

200-25 o
100 = 1.75°C/watt.

then, Ry.c

On the other hand, when thermal resistonce is known, the case temper-
ature of the device can be determined from the following expression:

tc(nax. allow) = tjlr.nx i (Rj-c) ™

13
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For exasvle, Af a transistor with Ry.. = 1.75°C/watt dissipates 50 watts;
then, the maximum allowable case temperature will be

Y inax. allow) " 200-50 (1.75) = 112.5°C

Most of the high-power components ares designed for bolting to a
heat sink. The thermal resistance from the case to the heat sink in~
cludes the joint thermal resistance and insulation thurmal resistance if
an insulator is used. Insertion of soft materials and application of
silicone grease at mounting surfaces will replace air and reduce the
need for perfectly flat and smooth surfaces. The thermal interface in
the heat-flow path from the component case to the heat sink is a signif-
icant parameter in the analysis of conduction cooling of electronic
devices. For a more complex joint, it is almost always necessary to

make the evaluation experimentally or search for a similar situation in
the literature.



SECTION V
CONVECTION HEAT TRANSFER

Although many excellent handbooks and technical papers have been
written about convection heat transfer, it is felt that a short susmary
of this important mode of heat transfer will be of benefit to the ther-
mal designer. Investigators in heat-transfer experimental work often
discover that large differences can occur between predicted and actual
test results. Furthermore, most of the developed equations rertain to
clircular tubes, flat plates, and rectangular ducts of rather small
aspect ratios. Little information is available about flow passages
encountered in the design of cold plates, particularly air-cooled cold
plates,

The simplest possible case occurs when the velocity and temperature
profiles are fully developed, i.e., the heated section is located far
from the tube or duct entrance. Also, only two general boundary condi-
tions are considered, one at a constant surface temperature and the
other at a constant heat rate per unit of tube length. Such ideal
conditions will occur very seldom in actual heat-transfer equipment
design, thus causing differences in predictions. It must also be noted
that heat-transfer coefficients for flow inside tubes are not the same
as for flow over external surfaces and ducts of different cross sections
and aspect ratios. At an entrance of a tube or duct, the heat-transfer
ceefficient has a high value. This value reduces as the distance is
increased from the entrance. Reference 9 points out that developed
solutions are excellent approximations for fluids whose Prandtl numbers
are high relative to one. For example, if the Prandtl number is greater
than 5, the velocity profile leads the temperature profile sufficiently
80 that a solution based on a fully-developed velocity profile will
apply for conditions without hydrciynamic starting length. For fluids
with Prandtl number 13ss than on2, the temperature pProfile develops more
rapidly than the velocity profile and the developed solutions do not
apply. There is another item of consideration; any fitting close to
the test section that would cause turbulence or produce swirl flow would
also increase the heat-transfer coefficient,

In a fluid flow through a duct. or tube, two general flow regimes
can be realized: (1) laminar or streamline flow and (2) turbulent
flow. Below Reynolds numbers of 2300, the fluid flow is considered as
laminar, and above 10,000 the flow normally will be turbulent. Resultg
between the two values are difficult %o predict; the literature must be
consulted for specific information. Reference 10 points out that, fo-
turbulent flow, the thermal entry length is much shorter than for a
laminar flow. Harnett et al (Ref 10) present information on the hydro-
dynamic entrance region for laminar flow in rectangular tubes. It was
found that the entrance configuration had little effect on the hydro-
dynamic entry length for Reynolds numbers below 2000, but had a large
effect above the value of 2000. Hartnett used the following expression:




C * Re {(7)

where C is approximately 0.033 for an aspect ratio of 10 to 1, 0.046 for
an aspect ratio of 5 to 1, and 0.057 for an aspect ratio of 1:1. It can
be seen that the aspect ratio has effect upor the entrance length. The
lower aspect ratio ducts require greater length for the establishment of
fully-developed flow. It is important to note that the critical Rey-
nolds number is affected by the entrance manifold configuration. This
also has been found from experiments performed under this study. Levy
et al (Ref 10) found that, for a rectangular duct with an aspect ratio
of 25 to 1, the combined thermal and hydraulic entry length to diameter
ratio was 55 to 65 diameters, in contrast to circular tube values on the
order of 15 diameters. The reference also notes that at high Reynolds
numbers (approximately Re = 24000), the flow does not become fully de-
veloped, even at an L/Dy ratio of 114. Numerous experiments with flow
in noncircular ducts prove that thermal entry regions are much longer
than those in circular tubes.

It should be further noted that for duct shapes with sharp corners,
the local heat-transfer coefficient varies aroind the periphery of the
duct and approaches zero at the corners. Assumption is also generally
made that the heat-transfer coefficient is constant along the length of
the fin. Some investigators, however, have shown that this is not true
for all conditions. Reference 10 indicates that the local heat-transfer
coefficient around the tube wall can vary from 0.1 of the average value
to over 2 times the average value. The assumption of a constant heat-
transfer coefficient along the length of the fin can be made only under
conditions when the fins are highly effective (temperature is almost
uniform and equal to the plate temperature).

The basic equation for convection heat transfer is

Q= hA (lw-tf) (8)

on the heat flux per unit area of the wall

O/A ~ h (‘w - cf) (8a)
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where ty is the wall temperature, tf is the cooling fluid temperature,
and h is defined as the heat-transfer ra‘e divided by the tem-

perature difference causing the heat transfer. Since the heat flux is
often variable over the surface area, the heat-transfer coefficient also
varies over the surface. The local value of h, therefore, can be ex-
pressed as follows:

M- n i (9)

The forced-convection heat-transfer coefficients depend on flow re-
gimes and can vary within a very wide range; for example, with gases, h
can range from approximately 2 to 50 Btu/hr ft’ °F,

In order to correlate experimental data, the well known Nusselt
expression can be used:

®a = C (Re)™ (Pr)" (10)
hD

Ny = i is the Nusselt number {11

fe = l_)-.:_:_q is the Reynolds number (12)
C)u

Pr = Jlr—- is the Prandtl number {13)

C is a dimensionless constant; m and n are exponents the values of which
depend on the confiqguration and the degree of turbulence of the coolant
flow. Difterent values of C and n have also been found for heating and
cooling of liquids in tubes. Experiments have shown that the Nusselt
expression is applicable for all fluids, whether in the liquid or gas-
cous state,
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Figure 3. Flow Over a Flat Plate

Consider first the simplest case: flow over a flat plate as shown
in Figure 3. Under laminar flow conditions, Reference 11 gives the
following expression for the local heat-transfer coefficient:

/ Vs
h = 0.332 k (pr)'’? oy (14)

or

Nu = h -,’f- 0.332 (pr)!/? —_ (15)
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and the average heat-transfer coefficient is

1

1 L ' 173 T
het J odxe=o0.664 kiPr) " T (16)
L]
he2h
X

Nu = 0.664 (Re)'/? (pr)!'/? an

All the results are valid for Pr greater than 0.5 and uniform tempera-
ture of the plate.

For laminar flow inside smooth tubes, under fully-developed ve-
locity and temperature profiles and constant heat rate, Reference 9
gives the following expression:

Ny = 2‘2 = 4,364 (11)

and for constant surface temperature

Ny = ER = 3.658

Sieder and Tate (Ref 12) suggest the following empirical equation for
both cooling and heating of viscous liquids at laminar flow:

1/ 0.1

Nu = 1.86 (M'Pr'%) (-:3‘-) ' (18)
w

The fluid properties should be evaluated at the arithmetic mean bulk
temperature where L, is the absolute viscosity at surface temperature.
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For moderate temperature differences between the wall and coolant, the
term (u/bw)"“ approaches unity, and

1/
Ba
Nu = 1.86 (m? . Pr o 2) (18a)

Reference 13 recommends the following empirical expression developed by
Hausen:

0.0668 (D/L) Re °* Pr (19)

Wu = 3.65 +
1 +0.04 [(D/L) Re *» Pr]?/?

The equation gives the average Nusselt number for uniform wall tempera-
ture and fully-developed flow.

For the transition region (Reynolds numbers from 2100 to 10,000)
the Nusselt type equation based on the work of Hausen is:

.16
Nu = 0.116 [um)"" - xzs] (pr) /2 (-‘-‘-—)
uw

Although laminar flow has advantages as far as pressure drop,
acoustic noise, and power reugirenents are concerned, turpulent flow is
desired because of much higher heat-transfer coefficients. This is
particularly true for air cooling. For air cooling, Reference 14 rec-
ommends Reynolds numbers within the range from 2000 to 4000 and higher.
The upper limit of Reynolds number is dictated by pressure drop, power
requiremerts, and acoustic noise.

One of the earliest equations used for fully-developed turbulent
flow in a smooth tube is the so called Dittus - Boelter equation, modi-
fied and recommended by McAdams as follows:

Nu = 0.023 (Re)%® (Pr)°-" (21)

| 20




The equation was based on experimental data covering the Prandtl number
range from 0.7 to 120, Reynolds numbers from 10,000 to 120,000, and L/D
greater than 60. This equation is also used for Re greater than 2300.

For shorter channels where the entrance effects must be considered

Nu = 0.036 (Re)®:* (Pr):? (pypL)?.0%" (22)

For a large temperature difference between the fluid and wall, Refer-
ence 1l suggests the following equation to correlate experimental data:

Nu = 0.020 (Re)®:® (pr)°-* (23)

This equation is valid for Re greater than 10,000 and tw/tf up to 3,55,

In the entrance region of round tubes where the flow is developing,
the measured experimental magnitudes of h are much greater than in the
fully-developed flow region. For correlating data, McAdams suggests the
following expression:

' 1e =S (24)
h, (L/D)"

In the Ru range of 26,000 to 56,000, experimental data for air with a
bell-mouthed entrance was correlated with C = 1.4 and 5y = ], With Re
greater than 10,000, the entrance effects are linited to the region of
L/D less than 20. 1In addition, the entrance effect varies with the type
of entrance, sharp-edged entrance, bell-mouthd entrance, etc.

For rectangular tubes and ducts the Nusselt number is defined as:

D h
Nu = —E—— (25)
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where

Flow area

Dh Perimeter

, {(hydraulic diameter)

The transition Reynolds number (UDhu/u) is found to be approximately
2300, the same as for circular ducts. Reference 9 presents values of
Nusseit numbers for ducts of various cross sections and aspect ratios
for fully-developed velocity and temperature profiles.

It can be generally assumed that for square, rectangaeiar, and
other shapes which are not drastically different from circular tubes,
the developed equations can be used if the diameter, D, is replaced
by the equivalent or hydraulic diameter, Dn. In accordance with
Reference 9, for such passages, the velocity and temperature profiles
can be assumed to be developed within a distance of L/D = 30 from the
entrance. Passages of complicated shape or with high aspect ratios
require special relations. For duct shapes with sharp corners
(squares or rectangulars), the local heat-transfer coefficient varies
around the periphery and approaches zero at the corners. It has also
been found that a significant difference in heat-transfer coefficients
occurs betweer the heated and unheated duct walls. This condition is
shown and discussed in more detail in Secticn X. Reference 15 points
out that for practical applications the assumption of a uniform heat-
transfer coefficient is unrealistic. The reference presents the
following expression for the heat-transfer coefficient expressed as a
function of the distance x from the fin base:

x\Y
hx . e have (.5) (26)

with linear increase in h, vy = 1
with parabolic increase in h, v = 2

Information about the nonuniform heat-transfer coefficients along ex-
tended surfaces, however, is limited

Cenerally, in heat-transfer equipment, high air velocity can
cause objectionable noise, depending on the plate and fin or tube and
fin airangement. If objectionable noise develops, its effect can be
reduced with sound absorbers. Increased air velocity increases the
heat-transfer coefficient, but also increases the required blower
power. It is generally recommended that heat exchangers be designed
for a maximum air velocity of 800 to 900 ft/min, unless stringent

22
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Epace requirements outweigh the objections mentioned above. Turbu-
lent, rather than laminar, air flow is desired because turbulence

results in a thinner boundary layer and reduced thermal resistance to
heat flow.

The general equations presented in heat-transfer text and hand-
books have rigorous applications only when & hydrodynamic starting
length is provided so that the velocity profile is fully developed
before heat transfer starts. Such conditions, how:ver, are rarely
encountered in actual heat-transfer equipment. The standard solu-
tions are, however, excellent approximations for fluids whose Praritl
numbers are high relative to one (1). Reference 9 gives the follo -
ing expression for determining distance for fully-developed flow:

X

: * 0.05 (Re) (Pr) (27)
Fully dev.

Furthermore, the literature covers two general boundary condi-
tions: (1) a constant heat rate per unit of tube or duct length and
(2) a constant surface temperature. The constant heat-rate Nusselt
number is always greater than the constant surface-temperature Nusselt
number. However, neither of the above conditions occurs in actual
electronic-equipment cooling apparatus, particularly in cold plates.

a. Heat Transfer Fluids

Both liquids and gases are extensively used in cooling of elec-
tronic equipment. Because of their better thermophysical properties,
liquid coolants are generally used for high packaging densities and
high heat-generation rates. For equipment of low-power generation
rates and packaging densities, air is one of the most desirable cool-
ants because of its availability, low cost, safety, and dielectric
properties. On the negative side, hewever, air has the poorest heat-
transfer properties of {1y of the standard coolants. It also can
generate significant amounts of acoustical noise at high flow veloci-
ties. Mydrogen is by far the most efficient of the gaseous coolants,
but because of safety considerations it is not recommended. tHelium,
the Freons, and carbon dioxide are all generally superior to air.

If a gas other than air is used as a coolant, care must be taken
in sealing the cooling system to prevent leakage. Consideration must
also be given to the expansion of the gas because of its temperature
rise caused by the electronic equipment. Table 4, adopted from Ref-

erence 16, presents properties of gaseous coolants at standard pressure
and temperature conditions.
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The gaseous cooling techniques are applied to both direct and
indirect cooling of electronic equipment. The indirect system, how-
ever, is preferred because it eliminates contamination of the equip-
ment. Since air as a coolant has been extensively used for both direct
and indirect cooling, its applications are not further discussed. Con-
sideration is given to liquid coolants only.

In the case of indirect liquid cooling, the two major factors that
determine whether or not a coolant is suitable for indirect cooling
are: (1) its corrosive tendencies and (2) thermal properties. The
dielectric properties, which are important in direct cooling, are not
important in indirect cooling. This cooling technique, if properly
accomplished, minimizes the flow rate and pumping power requirements,
besides improving accessibility and component mounting flexibility.

Table 4. Relative Heat Transfer Coefficients of Gases in
Forced Convection at Equal Fan Horsepower

RELATIVE CONVECTION
RELATIVE COEFFICIENT OF HEAT
COOLING GAS DENSITY TRANSFER

Air at 1 atm 1 1.00
Air at 2 atm 2 1.38
SF. - 1 atm 5 1.5E
SF, - 2 atm 10 2.17
Hl - 1 atm 0.13 1.79
H1 - 2 atm 0.27 23457
FC - 75 vapor 1 atm 14 2.48
FC - 75 vapor 2 atm 29 3.66

There are a number of factors which must be considered when choos-
ing a coolant from the large number available. A liquid may be accept-
able in some respects, but deficient in others. Reference 17 points
out the following properties which must be considered in selecting a
proper coolant:

(L) Toxity: Coolants should not be used that are dangerous to
the personnel operating the aircraft or ground equipment.

{(2) Flammability: Coolants that are flammable within operating
and maintenance environmental extremes should not be con-
sidered.

(3) Flash Point: A coolant should not be used which has a flash

point lower than the highest temperature it will contact dur-
ing normal use or due to leakage.
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Vapor Pressure: The vapor pressure must be sufficiently high
at pperating temperatures to prevent boiling within the cool-
ing system and pump caviation. Local boiling at the cold
plate can generate a blanket of vapor on the surface causing
temperature rise.

Pour and Freezing Points: As the temperature is lowered,
most coolants become more viscous. The temperature at which
the fluid will just begin to pour is defined as the pour
point. Fluids such as water do not have a pour point; thus,
only the freezing point must be considered. The pour and
freezing points define the lower end of the useful coolant
operating range. As the pour point is approached, the power
required to pump the fluid is increased and heat-transfer
effectiveness is decreased.

Thermal Decomposition: Many coolants decompose at high tem-
peratures in the presence of trapped air and as a result of
the catalytic action of other compounds within the system.
Some fluids may have to be purified and deionized to prevent
thermal decomposition.

Dielectric Strength: Dielectric strength will not normally
be important in indirect forced convection cooling systems.
Only if the coolant should contact the components would the
dielectric properties become important.

Effects of Moisture: Moisture can affect coolants in three
ways. These are: (1) degradation of dielectric properties,
(2) enhanced hydrolysis, and (3) formation of acids and salts
which cause corrosion. Many coolants have an affinity for
moisture.

Compatibility and Inertness: Coolants should be selected
which are chemically compatible with the materials which they
will contact within the cooling loop or from leakage. Par-
ticular attention should be paid to the selection of seals,
gaskets, and adhesives used in the cooling system.

Surface Tension: A coolant with a low value of surface ten-
sion will wet the heat-transfer surfaces to a greater degree,
thus enhancing the heat transfer effectiveness. However, a

low surface tension is more likely to cause leakage problems.

Thermal Expansion: The thermal expansion of the coolant
should be considered when designing a closed cooling system.
The cooling system should be provided with an adequate ex-
pansion tank.

25



(12) Heat Transfer Properties and Figure of Merit: Properties
which directly affect the heat-transfer effectiveness of thn
coolant are specific heat, viscosity, thermal conductivity,
and density. It is desired that the fluid exhibit a high
specific heat, because it is proportional to the ability of
the coolant to store heat. The thermal conductivity defines
the ability of the coolant to transfer heat by conduction and
should be high. The fluid viscosity increases pumping power
and reduces the heat-transfer effectiveness and, therefore,
should be fow. Fluid density could have good and bad effects.

A large number of compounds could be considered for use as cool-
ants., Most of these are organic compounds. The compounds which appear
to be best suited for electronic-cooling applications are the silicons,
fluorinated organics, and the ethylene - glycnl-water solution. The

silicones are best suited for use when extended temperature ranges and
dielectric properties are required.

When a fluid i{s selected on the basis of heat transfer, a useful
figure of merit, Trer given by Reference 18 can be used.

pf.® k0.6 o 0

Mgy & == (28)
Ft e,

where P = density, gn/cn’
Cp = specific heat, cal/gm°C

k = thermal conductivity, cal/sec cm? °C

u = coefficient of viscosity, poise
High values of the figure of merit are desirable because such coolants

require the least amount of power, while absorbing the largest amount
of heat.

Table 5, adapred from Peference 17, presents thermal properties
from selected coolants.

Figure 4, adapted from Reference 18, shows the heat-transfer
figure of merit for the coolants indicated.

Figures 5 and 6, adapted from Reference 19, compare the pumping
power to huat-transfer conductance ratio for gases and liquids, re-
spectively, in laminar and turbulent flow. The X and Y parameters
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Table 5. Thermal Properties of Coolants (Ref 17)

— iy 3

THERMAL, SFECIFIC THENMAL
reELIE | ElNaaric v SFECIFIC comD, AT EXFANE IO
o (=54°C] te25°¢) SRAVITY 125°c) t25°ci (25°¢)
[ ] PLASK (28°Cy
FOINT | POINT CENT)- [ 5 Buw/ (hee | B/ tib
nin * 0 sTORES sTOrES - fr-°r; w * e
Water 0 3 L 1.000 1.000 0.3 1.0 0.0000e
200 ethylens glycol,
9% wster -9 18! 4 1.48 1.034 o.M 0.95
4% ethylens glywal,
€0V wateg ' -4 s’ - 1. 44 1.088 0.2 0.94
0% ethylene glyesl,
40N water” -5} 1s' - 13 1,114 0.7 0.0007
0% ethylem glycel,
208 vater® -47 1’ : 7.46 1138 0.1 0.46¢
Fibylers qlyeol -13 14 by 8.l 1,116 0. 165 0.%
rc-73 -9) L 7.2 0.6% 1.763 0.037 0.248 0.0007
rce17 -101 = 6.9 0.8 1.1 0.037 0 248 9.0009
rc-7% -3 2 1.9 0.4 1.707 0.03% 0.24 0.0009
Tieun £ =122 2 4.3 0.9 1.699 0.04% 0.244 0.0014
Preon K1 -118 2 .e 1.2 1.72) 0.041 0.243 0.001)
Cavlancl 23 Y 163 249 .0 0.990 0.07%4 0.4%0 Q.0008)
Coelanel 3% -84 17?7 9239 6.5 0.688 0.077 0.45% 0.0008%
BC=200,104 -6$ 168 140 10.0 6.940 0.0773 0.34 0.00108
D= 200(20) -40 2% 220 20.0 0.9%% 0.082 0.3% 0.00107
- 2001100} -33 00 >90¢ 100.0 1.1 0.087 0.3% 0. 00096
xr-1-373% -9 13 100 10.% 0.9 0.ca% 0.430 0.0009%
sr-811%01 -84 e 800 %0.0 0.972 0.087 0.3 0.009%
B -96(20) -3 >200 100 20.0 0.95) 0.082 0.16 0.00107
-97(10) -7} 163 110 10.0 0.940 0.07% 0.% 0.0013¢
57-97(20) -63 >200 220 20.0 0.9%) 0.002 0.3 0.00107
7-1103(10)
1L-481101 ] -63 170 o 10.0 0.949 0.074 0,943 0.00108
$7-1103120)
{L-45(201) 60 % 140 20.0 0,935 0.079 0.00107
NIL-He3606
Hydreulic ol <40 >200 <3000 19.0 0.063 0.078 0.4% 0.0007
NOTES:  'For pure ethylene glycol ‘Data at -40°C
Irtoren .‘7 vlght

'Does not support combustion
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Figure 4. Heat-Transfer Figure of Merit (Ref 18)
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SECTION VI
CONDUCTION HEAT TRANSFER

Heat, generated by electronic or electrical equipment, can be ex-
tracted and removed by twvo general methods: (1) conducting the heat
along metallic or other paths to an external heat sink, and (2) trans-
ferring the heat to moving gases or liquids. Conduction and radiative
cooling have been studied for missiles and spacecraft operating under
reduced pressure or complete vacuum conditions. Conductive, or a com-
bination of conductive and convective cooling, is mainlv applicable to
aircraft electronics equipment. Various types of electronic components
(particularly solid state) are excellent for conductive cooling. Not
only individual components, but also subassemblies mounted in sealed
cases to simplify radio frequency interference protection and avoid air-
borne moisture and dust, must be cooled by conduction or conduction com-
bined with other modes of heat transfer.

a. Interface Thermal Conductance

Predicting heat transfer and temperature distribution within a
solid body does not provide any great difficulties. The difficulties
will be experienced when the heat-flow path is interrupted by some kind
of mounting joint. Such joints can be jormed between the component
and/or subassembly and the mounting-base heat sink. Prediction of the
temperature drop across a joint causes difficulties which are usually
overcome by determining the joint thermal performance experimentally.
This method, however, is not very practical. In thermal control system
desijn and analysis, it is of great importance to determine the tempera-
ture distribution and heat transfer rates. To do this successfully,
some reasonable conductance/resistance data must be obtained for use in
the preliminary analysis. Two general approaches can be used to satisfy
this requirement: (1) using available experimental data found in pub-
lished literature, and (2) using developed analytical techniques which
can be applied to certain types of joints. Some of the simplified ana-

lytical techniques are outlined, and also some experimental data are
presented.

The parameters that control the thermal resistance across a joint
include surface flatness, roughness, hardness, thermal conductance of
the materials making up the joint, and contact pressure. Other items
such as temperature, interstitial fluid and its pressure, etc also
contribute. The interface thermal conductance is a function of the ef-
fective contact area, whirh is made up of many small contact areas.
With increased pressure, the area of each contact point increases, but
also the number of points in contact increases. The modes of heat
transfer for consideration are: (1) conduction through the direct con-
tact area, (2) gaseous, molecular, or other conduction through the
interstitizl fluid or filler, and (3) thermal radiation.

32



ol The heat-transfer rate across the interface of a joint can be
expre.ced by the following equation:

Q = AC (At) (29)

and the contact conductance is defined as

€= X (29a)

where Q = heat transfer rate, Btu/hr

>
|

total area of interface, ft?

c

thermal conductance of joint, Btu/hr ftZ2°F

At = temperature differential across the joint, At = tx -%, %
2

As an example, consider a Plane wall made up of two sheets of simi-
lar material as shown in Figur. 7a and b

(a)

Figure 7. Composite wall

When the interface thermal resistance (Figure 7a) is neglected,
heat flow through the wall can be expressed as follows:

[ 33
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ra4

kA . kA 3
) = ¢t = ’
Q, L (t' t ) and Q 3 ( t;) (30)
A
- g =% , Btu/hr

Next, when the resistance of the interface is considered, the fol-
lowing is developed:

@ =Ac (r, -t') (32)

Consequently, heat flow across the composite wall can be expressed
as follows:

Q =9 =9 = ——r (t, - ) A

Predicting heat transfer and temperature distribution across such a com-
posite wall is complicated by the interface formed between the two
sheets. Heat transfer across the contact area of such a joint can be
considered as consisting of two components or conduction paths as shown
in Figure 8.

Figure 8. Heat Flow Across the Interface
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Thermal conductance of the contact area,

therefore, can be expressed as
follows:

C'IC{ +(‘f (34)

where Cc = direct contact conductance, Btu/hr ft? °f
Cf = gap conductance, Btu/hr ft? °F

Convection and radiation also take part in the heat transfer process.
However, because of the small temperature difference across the inter-

face and small gaps, both radiation and convection modes of heat trars-
fer can be neglected.

Under conditions where only limited information about interface
surface conditions is available, the following expression, given in

Reference 20, can be used for determining thermal conductance across the
area of contact:

1.56 k,
C = AR @G oy g i nakm (35)
a b
2k k.
R (36)
1 2

When joints are made of the same materials, conductivity k, = k, and
km = k. The root mean square (RMS) values of surface irregularity
(roughness plus waviness) are ia and i}, for surfaces a and b respec=-

tively.
k¢ = thermal conductivity of the interstitial fluid, Btu/hr
ft2°r/fe
as= average radius of contact points
n = number of contact points per unit area
35
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Conduction heat transfer across a gap can be determined from the fol-
lowing expression:

kf
Cf s (37)

where § = average gap thickness, ft.

Figures 9 and 10, adapted from Reference 21, can be used for de-
termining average surface irregularity (based on known RMS surface
roughness) and na values when the contact pressure is known. The RMS
surface roughness can be measured, or approximate values obtained, when
the particular machining process is known. The use of Figure 10 re-
quires knowledge about interface contact pressure. Before this is de-
termined, stress analysis must be performed. Reference 22 recommends an
approximate equation for determining the required torque to turn the nut

for standard threads with a 60-degree angle and coefficient of friction
of 0.15,

T = 0.20F (38)

When torque is known- the axial-bolt tensile force can be determined
from the following equation:

T

F=3.20

(39)
where F = induced axial force, lbs
D = bolt diameter, in.
T = torque, in-1lbs

An approximate stress distribution of a plate in a bolted joint is shown
in Figure 11.
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Figure 11. Stress Distribution in a Bolted Joint

Using the stress distribution parameters presented in Reference 23, we
can find rj and also the average interface pressure as follows:

F
«11 = K; (40)

n
Ay =g le? - a.’) (41)

If the ratio of ry/b is known, ry can be found from Figure 12.

After all the necessary data is substituted into equation 35, the
interface conductence across the contact area can be determined. The
total interface urea of a bolted joint, however, will consist of a
direct contact area and a gap area. Figure 13 shows a bolted joint with
the area where both plates are in direct contact with each other. This
area will depend upon the bolt torque, head size of the bolt, thickness
and rigidity of the plates, and will usually be quite small. After a
certain distance r from the center of the bolt, the plates, because of
deflection caused by the force, separate from each other and a qap
results.

Conductance across the contact area can be determined from the pro-
cedure outlined above. The next step is to determine conductance across
the area where the plates have separated. As previously indicated,
thermal conductance across the J4ap can be determined from equation 37.
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To determine this, we must know the thickness of the gap. Reference 23
pPresents a simplified analytical technique for determining plate deflec-
tion, w, as a function of radius for two different plate end conditions.
Deflections of each of the end conditions are given as follows:

(1) Plate with free ends:

r
¥ - r ] (42)

(2) Plate with restrained ends:

. 2 2
P [ .. (:I‘.. ) ][ri - k- (43)
16D m+ 4 010 ri Ir? ri

where D is the flexural rigidity

.
8 o aiini (44)
12(1-p%) -
v of
.-
o (ri )’ (45)
ey B cusenes -l
% \'n

Stress distribution on the interface planes can be expressed as:




”) L "0 [1 . (:1) ”] (46)

The variables ri/ry, m, and 0io/On are plotted as functions of rn/b in

Figure 12.

where b=

u-

r' R =

plate thickness, in.

Poissons ratio

interface stress at r = 0, psi

normal stress at interface plane, psi

normal stress under fastener head, psi
radius at point of zero interface stress, in,
radius of fastener head, in.

radial coordinate, in,

It is assumed here that the normal stress, On. exerted by the bolt head
is uniform over the entire zone under the head. If both plates are de-
flected, the gap will be twice the value given by equations.

Any bolted joint, therefore, can be divided into certain areas
around each of the bolts, and each of these areas further divided into
contact and gap areas.<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>